Graphene has attracted huge research interest due to its unique electronic properties and prospects for future applications. It is a gapless semiconductor with linear band dispersion near the zone boundary K point, in which electrons behave as massless fermions. Recently, expitaxial graphene on SiC(0001) or SiC(000 1) has been extensively studied due to its potential for large-scale production. [1] [2] [3] [4] [5] [6] [7] [8] Unlike exfoliated graphene, the interaction between the graphene and its supporting substrate usually plays a significant role in manipulating its electronic properties.
Recently, decoupling of graphene has been achieved by deposited molecules 7 or by atomic layer of Bi and Sb, 6 as well as H. 9 Furthermore, Riedl et al. have shown that the hydrogen intercalation can induce the desired decoupling. 10 An atomic model in which the hydrogens break the Si-C bonds at the interface and saturate the Si dangling bonds, leaving the graphene behave as a quasi-free-standing sheet, was proposed 10 and then further studied by Lee et al. 11 using first-principles calculations and by Speck et al. using infrared absorption spectroscopy. 12 More recently, choices of the inserted buffer layers between the graphene and SiC(0001) have spanned elements from groups I, IV, VII, as well as transition metals. Numerous studies were performed to understand Li, 13 Ge, 14 F, 15, 16 and Au (Refs. 17 and 18) intercalations. The study by Gierz et al. 17 demonstrated that the strongly interacting first graphitic layer was decoupled from the SiC(0001) substrate via gold intercalation. The shifts of Dirac points due to gold intercalation were then theoretically studied by Chuang et al.
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The choice of elements used for intercalation depends on the atomic radius such that the atoms can fit into the supercell. On the other hand, it depends on their interatomic bond strength meaning the intercalated atoms will not break the sp 2 hybridization of the graphene. Moreover, spin-orbit coupling induced by the intercalated metal layer may change the electronic structure of graphene and serve as a convenient tool for tailoring its electronic properties. [20] [21] [22] By introducing different elements as the buffer layers, the linear dispersion of bands near the K point is preserved, while the spin-orbit coupling in graphene may be enhanced to exhibit the quantum spin Hall effect. 21 Thus, a first-principles study that is aimed at understanding and predicting such spin-orbit coupling is highly desirable.
Here, we chose metals with atomic radii and bond lengths that are similar to Au and performed a comparative study on the atomic and electronic structures of metal intercalation (metal ¼ Al, Ag, Au, Pt, and Pd) [23] [24] [25] using firstprinciples calculations. The calculations were carried out within the generalized gradient approximation to the densityfunctional theory (DFT) 26, 27 using projector augmentedwave (PAW) pseudopotential method, 28 as implemented in the Vienna Ab-initio Simulation Package (VASP). 29 As in previous studies, 4, 5, 11, 19 a ffiffi ffi (0001) is used to match the 2 Â 2 unit cell of graphene. The same computational settings are used as in Ref. 19 . In the absence of strong bonding interactions between the graphene and intercalated metal layer, nonbonding van der Waals (vdW) forces are expected to be important. Indeed, a recent study 30 demonstrated that the vdW forces may qualitatively modify the behavior of the system. Therefore, we used the optPBE-vdW method 31 to carry out structural relaxations. Furthermore, to understand the effect of spin-orbit coupling (SOC) due to metal intercalation, the energetics and the band structures presented in this study were calculated with SOC. A 9 Â 9 Â 1 Monkhorst-Pack grid sampling was used for obtaining atomic structures with and without the vdW forces, as well as for the band structure calculations with SOC. A 21 Â 21 Â 1 grid was used for band structure calculations without SOC.
First, we constructed the atomic structures of the metalintercalated graphene on SiC(0001) at the metal coverage of 3/8 ML in the way similar to our previous study. 19 The periodicity of the supercell was set to that of SiC (0001) the Si-C bonds and bond with Si atoms, leaving graphene suspended above the metal layer. In fact, the metal atoms could be at either T1, H3, or T4 sites. We relaxed the atomic structures without SOC for each element and each site as shown in Figs. 1(d)-1(f), provided that the graphene is on top of the metal layer in the way shown either in Fig. 1 (b) or in Fig. 1(c) . 19, 25 Then we examined the energetics including SOC. For Al, Au, Pt, and Pd, the formed layered structures have the lowest energy when the metal atoms are at the T1 sites ( Fig. 1(d) ) and the graphene is at the position of Fig.  1(b) . For Ag, the lowest-energy structure is achieved when the metal is at the H3 site ( Fig. 1(e) ) and the graphene is at the position of Fig. 1(c) . It is noteworthy that for the same metal adsorption site, the energy difference between Figs. 1(b) and 1(c) is rather small and the band structures without SOC are quick similar.
As mentioned above, the vdW forces are expected to be important. Therefore, all six structural models were again relaxed with the vdW forces but without SOC. The distances between the graphene and metal layers with the vdW forces are generally smaller than those without the vdW forces. However, we also find that the inclusion of vdW forces does not change the structure qualitatively since the ordering of the total energies with the vdW forces and SOC is the same as that obtained without the vdW forces and with SOC.
Next, the lateral strains were gradually applied to the coherent interface and their atomic structures were also relaxed. 19, 32, 33 Both results with and without the vdW forces are shown in Fig. 2 . The positions of the Dirac cones relative to the Fermi level versus strain without SOC are plotted in Figs. 2(a) and 2(b) calculated using a 21 Â 21 Â 1 k-point grid. As we can see in Fig. 2(a) , for Ag and Au, the positions of the Dirac cones decreases as the surface strain increases. Figures 2(c) and 2(d) show that the equilibrium distances between the graphene and different metal layers also depend on the surface strain. We found that Al intercalation leads to the largest distance between the graphene and metal layer. Thus, it has the weakest n-type doping among these metals.
We further analyze the electronic properties with SOC in the band structure calculations. The structural models for the SOC calculations are those with the lowest energies for each intercalation with the inclusion of the vdW forces. The band structures for Al, Ag, Au, Pt, and Pd are, respectively, shown in Figs. 3(a)-3(e) . The blue circles and red crosses indicate the spin orientations along Ày axis and þy axis, respectively. For plots in the left column, the sizes of circles and crosses are proportional to the contributions from the graphene, whereas for those in the right column, the sizes are proportional to the contributions from the metal layers.
The bands contributed from the graphene exhibit small or no spin-orbit splitting near the K point after metal intercalation. The splittings of the graphene bands are as large as 28 meV (See Table I ). Moreover, we note that the induced gaps as listed in Table I are smaller than those obtained without SOC in the calculations for Ag and Au intercalations. An opposite trend is observed for Pt and Pd intercalation. The splitting of dispersive bands contributed from the metal layers was observed. The magnitudes of Rashba energy, E R , follow the following order, Pt > Au > Pd > Ag > Al. The Rashbarelated parameters 34 are summarized in Table I . For Al, Ag, and Au intercalations, the bands connecting the valance band (VB) and conduction band (CB) complexes are contributed from the graphene layer, while the bands contributed from the metal layer form a quasi-gap between VB and CB. On the other hand, for Pt and Pd, the systems show metallic band structures where the bands contributed from the metal layer connect the VB and CB. Furthermore, in terms of the band dispersion, the bands contributed from the graphene and metal layers are overlapping along C-K. It is noteworthy that for Pd intercalation the Dirac cone cannot be clearly identified at 5.3% and 8.4% strains, indicating that 
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Hsu et al. Appl. Phys. Lett. 100, 063115 (2012) the Pd layer has a significant bonding interaction with the graphene and partially breaks the sp 2 hybridization in the latter.
In conclusion, the atomic and electronic structures of metal-intercalated (metal ¼ Al, Ag, Au, Pt, and Pd) graphene monolayers on SiC(0001) have been investigated using firstprinciples calculations. The unique Dirac cone of graphene near the K point reappears as the monolayer is intercalated by these metals at a coverage of 3/8 ML. Our results show that metal intercalation leads to n-type doping of graphene. The bands contributed from graphene exhibit small splitting after intercalations, whereas the bands contributed from the intercalated metal layer have notable Rashba spin-orbit splittings in all cases except Al. 
